It is demonstrated that the identity of residues accessing excited conformational states that are of low free energy relative to the ground state in proteins can be obtained from amide proton NMR chemical shift temperature dependences displaying signi®cant curvature. For the N-terminal domain of phosphoglycerate kinase, hen egg-white lysozyme and BPTI, conformational heterogeneity arises from a number of independent sources, including: structural instability resulting from deletion of part of the protein; a minor conformer generated through disulphide bond isomerisation; an alternative hydrogen bond network associated with buried water molecules; alternative hydrogen bonds involving backbone amides and surface-exposed side-chain hydrogen bond acceptors; and the disruption of loops, ends of secondary structural elements and chain termini. In many of these cases, the conformational heterogeneity at these sites has previously been identi®ed by X-ray and/or NMR studies, but conformational heterogeneity of buried water molecules has hitherto received little attention. These multiple independent low free-energy excited states each involve a small number of residues and are shown to be within 2.5 kcal mol À1 of the ground state. Their relationship with the partially unfolded forms previously characterised using amide proton exchange studies is discussed.
Introduction
Recent advances in X-ray crystallography, NMR spectroscopy and electron microscopy have permitted detailed structural characterisation at the atomic level for a large and increasing number of proteins. However, these protein structures represent essentially the conformational ground state or average structure with little description of the motions and alternative conformations that are accessible to the side-chains and backbone. Although the picosecond vibrations, librations and rotations are well understood, the microsecond to millisecond breathing and larger scale cooperative oscillations are poorly described as a consequence of our meagre understanding of the complex topography of the free energy landscape close to the ground state. Limited information on the location and nature of low free-energy excited states may be acquired from disorder in the crystal (i.e. from temperature factors; Artymiuk et al., 1979) , from alternative conformations observed in protein crystals with different lattice packing (Kossiakoff et al., 1992) , or from disordered regions in NMR structures (Wu È thrich, 1995) , but such structural information is not easy to interpret. Here we present a direct method for identifying residues of the protein that populate independent alternative conformations which are easily accessible in solution at ambient temperature. The technique involves the measurement of the temperature dependence of NMR chemical shifts, which has a number of advantages over existing methods, including:
(1) The data are simple and straightforward to acquire.
(2) The method can be applied to a wide range of proteins, under different solution conditions.
(3) The method provides site-speci®c information at every amide proton in the protein.
(4) The technique does not require changes to the covalent structure of the protein.
The NMR chemical shift of a nucleus (typically 1 H, 13 C and 15 N in proteins) is highly sensitive to the environment imposed by neighbouring atoms and as such serves as a valuable indicator of molecular conformation. Despite good progress in recent years (Szila Âgyi, 1995; Old®eld, 1995; Williamson & Asakura, 1993) , a complete understanding for the basis of chemical shifts in proteins still remains elusive. However, the chemical shift of the backbone amide proton (HN) is relatively well understood (Asakura et al., 1995) ; it displays a marked r À3 dependence on the distance to the nearest carbonyl group serving as a hydrogen bond acceptor (Wagner et al., 1983) , in addition to an angular dependence (O È sapay & Case, 1991) , and has lesser contributions from conformationdependent magnetic anisotropies and ring-current shifts. In general, any shortening of the hydrogen bond will result in a down®eld shift of the amide proton resonance.
It has been known for many years that the chemical shift of the amide proton in peptides and proteins varies with temperature (Andersen et al., 1997 and refs therein) . The value of the temperature coef®cient acts as an indicator for hydrogen bonding, such that values more positive than À4.5 ppb K À1 imply that the amide proton is intramolecularly hydrogen bonded (Skalicky et al., 1994; Dyson et al., 1988) . In a recent study, we have con®rmed and extended these results (Baxter & Williamson, 1997) . Amide proton chemical shifts alter with temperature because the average molecular environment around the proton changes with temperature: as the protein is heated, there is increased thermal motion which leads on average to a lengthening of any hydrogen bonds to the amide proton (Tilton et al., 1992) , and therefore to an up®eld change in the chemical shift (Asakura et al., 1995) . The structural perturbation is much more marked for protons that are hydrogen bonded to water (Young et al., 1994) , and hence these protons show a larger change in chemical shift with temperature.
Proteins (and most other materials) have a thermal expansion coef®cient that is to a ®rst approximation independent of temperature; i.e. structural change on heating is approximately linear with temperature (Tilton et al., 1992) . This provides a good explanation of why the changes in chemical shift of protons in proteins are generally linear with temperature. However, our previous study (Baxter & Williamson, 1997) showed that a small but signi®cant number of amide proton resonances display curved temperature dependences. There are two plausible explanations for these observed curved temperature dependences. The ®rst is that they could be attributed to non-harmonic increases in thermal motions with increasing temperature; i.e. that increases in temperature lead to motions that are not just an increase in random thermal motion within the same free energy well but also involve different vibrational modes. This explanation is unlikely, ®rstly because most experimental results suggest that increasing temperature does generally lead to a progressive and linear change in structure and mobility (e.g. Frauenfelder et al., 1987; Tilton et al., 1992; Young et al., 1994) , and secondly because we demonstrated during the calculation of C a H temperature coef®cients that the observed data can be explained adequately by assuming a simple linear increase in random harmonic motion (Baxter & Williamson, 1997) .
We therefore favour the alternative explanation for the observed curved temperature dependences, which is that the amide proton can access multiple conformational states, whose relative free energies vary as a function of temperature (Reed et al., 1988; Delepierre et al., 1991) . If a proton is found in two equilibrating conformations which are in fast exchange on the chemical shift timescale, then its chemical shift will be a simple average of the chemical shift in each state:
where d n is the chemical shift in conformation n, and f n is the fraction of protons in this conformation. Even if the individual d n change linearly with temperature, we will see a curvature in temperature dependence when: (1) the populations f n change with temperature, and (2) the product f n (d n À d observed ) is large enough to be observable. Condition (2) requires that the populations of contributing states be large enough to produce observable effects. We discuss the implications of this in more detail below, but we note here that if a contributing state needs to be present to at least 5% in order to produce any observable chemical shift change, this requires a state having a free energy within 1.7 kcal mol À1 of the ground state (for a two-state system). This in turn implies that globally denatured states or high free-energy states such as those often postulated as intermediates in most studies of amide exchange are unlikely to contribute to observed non-linearity in chemical shifts. Condition (2) also requires that the chemical shifts in the two states be different. This is not a dif®cult condition to meet, because chemical shifts are very sensitive to structural change, but clearly it is the larger chemical shift changes that are more likely to produce signi®cant curvature. Large chemical shift changes are most common on change in hydrogen bonding (Wagner et al., 1983; Asakura et al., 1995) , which implies that alternative states are most easily detected when the amide proton is intramolecularly hydrogen bonded in one state and not in the other. Therefore, curved amide proton temperature dependences can be employed to identify the location of protein conformational heterogeneity under equilibrium conditions, and often to make conclusions about hydrogen bonding in the higher free energy conformation.
Here, we present results on three proteins and discuss how well the locations of curved amide proton shift dependences correspond with what is known and expected about their alternative low free-energy conformations.
Results
The chemical shifts of amide protons have been measured for three proteins (the N-terminal domain of Bacillus stearothermophilus phosphoglycerate kinase (N-PGK), hen egg-white lysozyme and bovine pancreatic trypsin inhibitor (BPTI)), at temperatures between 5 and 86 C (i.e. up to temperatures approaching the global denaturation temperature). The majority of protons have linear changes over the whole range, except (in lysozyme at pH 3.8 and BPTI) at the highest temperature measured. At the highest temperature non-linear behaviour is common, because unfolded states are starting to make a signi®cant contribution, as discussed below.
The linearity of shift changes was measured using a simple objective test, as described in more detail in Methods. The number of protons charac- Curved amide proton temperature dependence in N-PGK 3-Phosphoglycerate kinase (PGK) is one of the enzymes of the glycolytic pathway, and several crystal structures of PGKs from different sources have been determined. The enzyme has two domains, which are thought to move relative to each other during the catalytic cycle. There are two major links between the domains, comprising a-helix V and the C-terminal helices. The N-terminal domain of B. stearothermophilus PGK has been expressed and characterised (Hosszu et al., 1997b) . It is a stable domain, despite the loss of the contacts to the C-terminal domain, which causes a destabilisation of the domain by ca 1.4 kcal mol À1 to 9 kcal mol À1 (Parker et al., 1995) . The loss of the C-terminal domain also causes some minor local disruption of the structure at the contact surface, most noticeably the substrate binding site (residues 148-152), but the isolated N-terminal domain remains essentially native.
The NMR spectrum of N-PGK has been assigned (Hosszu et al., 1997b) . Based on this assignment, we have measured amide proton chemical shifts as a function of temperature in 15 N-labelled protein.
In Figure 1 we present the residual chemical shifts after best-®t linear shifts have been subtracted. In most cases the residual shifts are close to zero, but a few protons have clearly parabolic residuals.
Assuming a random error of 0.008 ppm in measured chemical shift values, 20 protons show statistically signi®cant curvature and are indicated in Figure 1 . The distribution of these residues on the protein is shown in Figure 2 , from which it can be seen that most of the residues are at the interface to the missing C-terminal domain or else are at the ends of regular secondary structure elements or in loops.
Curved amide temperature dependence in lysozyme
In lysozyme, only a few amide protons were identi®ed as having signi®cantly curved chemical shift temperature dependences (Trp62, Thr69, Asn74, Ser85, Thr89 and Gly104; Figure 3 ) and their locations are illustrated in Figure 4 . These residues are scattered in surface-exposed regions, as discussed below.
Curved amide proton temperature dependence in BPTI
The dependence of amide proton chemical shift on temperature for BPTI and the subsequent derivation of temperature coef®cients was presented by Baxter & Williamson (1997) . The curved dependences ( Figure 5 ) are identi®ed as Phe4, Cys5, Leu6 , Tyr10, Cys14, Ala16, Ala25, Tyr35, Lys41, Arg42, Asn43, Glu49, Arg53, Gly56, Gly57 and Ala58, using combined data from pH 3.4 and 4.6. A brief inspection of Figure 6 shows that these amide protons appear to be scattered almost ran- (Kraulis, 1991) representation of the structure of PGK. Coordinates are taken from Brookhaven protein data bank structure 1php (Davies et al., 1994) . The C-terminal domain (absent in N-PGK) is shown in yellow, and the N-terminal domain is shown in blue. Residues in N-PGK with curved amide proton temperature dependence are indicated by red spheres placed at the position of the backbone nitrogen atom and are numbered by amino acid position.
domly throughout the protein. However, on closer inspection the distribution is clearly non-random, with the protons being located in a small number of well-de®ned groups. Further discussion of the amide protons displaying curved chemical shift temperature dependence is deferred to the Discussion.
Expected location of alternative conformations
In the Discussion, we consider alternative conformations available to the three proteins and show that the amide protons identi®ed by the curvature of their temperature dependences are by and large those that might indeed be expected to be involved in alternative conformations. However, before doing this is it is important to establish an objective account of the alternative conformations previously described for the three proteins.
As the primary evidence for conformational exchange, we have chosen high-resolution crystal or NMR structures in which alternative conformations have been identi®ed. We have not placed any signi®cance on crystallographic temperature factors (B-factors), because several causes apart from conformational exchange can result in high temperature factors. 
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N-PGK
The crystal structures of PGK do not identify any alternative conformations. However, the NMR studies of N-PGK concluded that the structure of N-PGK is similar to that of full-length PGK with the possible exception of residues in the loop Phe146-His153, which is in the interface to the missing C-terminal domain and is involved in substrate binding (Hosszu et al., 1997b) . In addition one might expect that residues that become exposed on removal of the C-terminal domain might have a greater range of conformations accessible than residues that are unaffected by removal of the domain. Residues in N-PGK meeting this criterion were located by comparing the surface exposure of backbone nitrogen atoms measured by the algorithm of Lee & Richards (1971) , and comprise residues 1 ± 6 at the N terminus, the substrate binding loop described above, and residues at the C terminus, where the linker to the C-terminal domain emerges.
Lysozyme
Although there are a large number of crystal structures, none of them explicitly describes alternative conformations. The most relevant detail comes from a combined NMR and molecular dynamics study (Smith et al., 1993 ) that characterises Gly49, Asn74, Ser85 and Asn103 as having unusually large dynamic motion. This is only a small number of residues by comparison to those predicted (and observed) to access alternative conformations in N-PGK and BPTI. However, lysozyme is known to be a particularly stable protein at ambient temperatures (Privalov, 1979) , and the ®nal folding transition state has been shown to be similar in degree of solvation to the folded state (Parker et al., 1995) , implying that the collapse from the transition state to the folded state may form an unusually steep energy well. Thus it is reasonable that only a small number of residues are predicted, and observed, to be involved in conformational exchange.
BPTI
BPTI is a very well-studied protein. Several of the crystal structures of BPTI describe alternative conformations that affect the hydrogen bonding or geometry of backbone nitrogen atoms. The affected residues are listed in Table 1 , along with residues that have been characterised by NMR as having two distinct conformations.
For the three proteins studied here, the residues just described represent those most likely to be involved in conformational exchange. One can also construct a second category of those least likely to be involved in conformational exchange, on the basis of amide proton exchange rates. As discussed below, there is no direct relationship expected between conformational exchange among lowenergy conformers and amide exchange (which typically involves conformers of higher free energy). However, one might reasonably expect that any amide proton that has a high amide exchange protection factor (i.e. exchanges much slower than would be expected for a fully exposed proton) is probably involved in a stable tertiary interaction and thus does not take part in conformational exchange that involves alteration in local hydrogen bonding. In particular, for N-PGK we have demonstrated that amide exchange of the most slowly exchanging protons cannot arise from a partially unfolded intermediate, and must arise from the globally unfolded state (Hosszu et al., 1997a) . These results, together with the residues expected to be involved in conformational exchange, are summarised, and compared to experimental observations of curved amide proton temperature dependence, in Figure 7 . Figure 7 shows that in total 20 of the curved protons come in the``most likely'' category (out of 50 in this category), 20 in the``possible'' category (out of 224), and only two in the``least likely'' category (out of 86). In lysozyme and BPTI, 11 out of the 15 most likely residues were indeed found to have curved temperature dependence. Thus, there is a good correlation between residues that might be expected to be involved in alternative conformational states, based on previous work, and those that 
Discussion
In Results, it was shown that the small number of amide protons showing curved temperature dependence correspond reasonably well to those that might be expected to be involved in conformational exchange. In this section, we look ®rst in more detail at these protons, and discuss the kinds of conformational exchange that could explain the observations. We then show that the excited states implicated must have a free energy close to the ground state, and therefore are not those generally considered when discussing amide exchange experiments or global unfolding. Finally, we consider the relevance of this work to the partially unfolded forms identi®ed from amide exchange studies.
Conformational exchange in N-PGK
Of the residues identi®ed as having curved temperature dependences, residues 5, 6, 149, 150, 153, 156, 161, 171 and 174 are all close to the interface with the missing C-terminal domain of PGK (and in most cases have altered amide exposure following loss of the C-terminal domain), and may therefore reasonably be expected to show an unusually large degree of conformational heterogeneity. Residues 11, 14, 21, 125, 143 and 145 could probably also be included in this category. Of the other residues, one (26) is in a long loop, and the others are interestingly all at the ends of stretches of regular secondary structure (Figure 2) . Thus, one could imagine (although there is no experimental evidence for this) that these residues could form alternative folded protein structures by some kind of local change to regular secondary structure, such as a partial unfolding or an extension. This observation is strengthened by similar observations in BPTI and lysozyme, discussed below.
Conformational exchange in lysozyme
Side-chain hydrogen bonds: Trp62, Asn74 and Thr89
Three of the residues that display curved temperature dependences are hydrogen bonded to acceptor groups located on residue side-chains: Trp62 is present in a¯exible coil region (temperature factor, 23 A Ê 2 ) and is hydrogen bonded to Asn59 O d ; Asn74 is located in a¯exible loop (temperature factor, 35 A Ê 2 ) constrained by two disulphide bonds and is hydrogen bonded to Ser72 O g ; and Thr89, the ®rst residue of a helix, forms an a-helix cap by hydrogen bonding to Asp87 O d . Thus, the most plausible explanation for the observed curved temperature dependence of these Two different backbone conformations in 9pti Ala58
Two different backbone conformations in 9pti Figure 7 . Comparison of expected probability of residues to be involved in conformational exchange with observed curvature of amide proton temperature dependence, for N-PGK (a), lysozyme (b) and BPTI (c). Residues with curved amide proton temperature dependence are shown as ®lled circles. Residues identi®ed as most likely to be involved, as described in Results section Expected location of alternative conformations, are heavily shaded, and residues identi®ed as least likely to be involved are unshaded. These latter show high protection factors for amide exchange and are, for PGK (Hosszu et al., 1997a) residues 14 ± 18, 20, 38, 40, 41, 44, 45, 47 ± 49, 50, 52-57, 77, 78, 80, 81, 83, 84, 110 , and 112± 114; for lysozyme (Pedersen et al., 1993) residues 3, 8-13, 15, 27 ± 34, 38, 39, 42, 44, 52, 53, 54, 57, 60, 61, 63 ± 65, 75, 76, 78, 80, 83, 92, 95 ± 99, 111, 115 and 124 ; and for BPTI (Wagner & Wu È thrich, 1982) residues 18, 20-24, 29, 31, 33, 35, 44 and 45. Residues not identi®ed as either most likely or least likely are lightly shaded. Proline residues were not observed and are lightly shaded.
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three residues is that low free-energy alternative conformations exist in which these hydrogen bonds are absent.
Loop static disorder: Ser85 and Gly104
The Ser85 amide proton is hydrogen bonded to the carbonyl group of Ala82 and is present in the loop of a 3 10 -helix-loop-a-helix structure. Gly104 is located in a type II H b turn comprising residues Asn103 to Asn106. Both Ser85 and residues 102-104 of the loop possess backbone 15 N order parameters <0.8 (Buck et al., 1995) , indicative of substantial¯exibility in these regions, a conclusion which was supported by molecular dynamics calculations (Smith et al., 1993) . For the loop, this disorder is also re¯ected in the high B-factors (>25 A Ê 2 ) determined in the 1lse crystal structure (Kurinov & Harrison, 1995) . In the NMR solution structure (1hwa: Smith et al., 1993) , Gly104 NH is hydrogen bonded to Asn106 O d , in contrast to various crystal structures, in which Gly104 does not have a hydrogen bond partner and the side-chain of Asn106 forms intermolecular crystal contacts. Thus, here again there is other structural evidence to support the existence of alternative conformations for Gly104, which, in addition, also suggests what these conformations may be.
Conformational exchange in BPTI
Much more is known about conformational variability in BPTI, and we therefore present here a more detailed survey of the structural possibilities for the amide protons in BPTI that have curved temperature dependence. They can be clustered into groups containing one to four residues, each with a different origin for the observed curvature, which can be characterised as follows:
Disulphide bond isomerisation: Ala16 and Tyr35
BPTI has three disulphide bonds, one of which (14 ±38) undergoes isomerisation in solution with a rate constant of the order of 2000 s À1 at 68 C to a structure in which the chirality of the disulphide bond is inverted (Otting et al., 1993) . The population of this minor conformer increases from about 1.5% at 4 C to 8% at 68 C. Ala16 is involved in a hydrogen bond parallel to the disulphide bond, and its geometry is such that disruption of the hydrogen bond will occur following a crankshaft motion of the disulphide bond; the change in chemical shift of this amide proton between the two disulphide conformers is larger than that of any other proton (Otting et al., 1993) . The sidechain of Tyr35 is in close proximity to the disulphide bond, and above room temperature the disulphide bond¯ips are correlated with 180 aromatic ring¯ipping events of Tyr35 (Otting et al., 1993) . Thus, the curved amide proton temperature dependences of Ala16 and Tyr35 can be explained by the small percentage of minor disulphide conformer previously characterised. For the other two disulphide bonds (5± 55 and 30± 51), a similar change in bond chirality is not detected to any measurable extent. Cys14 also shows curved temperature dependence, which could be explained by isomerisation of the 14± 38 disulphide bridge; however, we have included it in the discussion of buried water molecules below, as it also ®ts into this category.
Side-chain hydrogen bonds: Arg42, Asn 43 and Glu49
The side-chain of Glu7, which has been identi®ed as having two preferred orientations both in the 5pti crystal structure (Wlodawer et al., 1984) and in the NMR solution structure (Berndt et al., 1992) , forms a hydrogen bond (in one of the two orientations) between O e and the backbone amide protons of Arg42 and Asn43. Similarly, at the cap of the C-terminal a-helix, the amide proton of Glu49 forms a hydrogen bond with the carboxylate group of its own side-chain in the crystal, but in solution the side-chain adopts more than one conformation (Berndt et al., 1992) . Evidence provided by NMR spectroscopy (Wu È thrich & Wagner, 1979; Tu È chsen & Woodward, 1985 suggests that the pH dependence of the amide proton chemical shifts for Arg42, Asn43 and Glu49 can be attributed to their participation in hydrogen bonds with side-chain carboxyl functions. Thus, for Arg42, Asn43 and Glu49, there is well-characterised experimental evidence for the presence of alternative low free-energy conformations in native BPTI, which differ in whether or not hydrogen bonds are formed to side-chain carboxylates.
Buried water: Tyr10, Cys14 and Lys41 BPTI contains four buried water molecules (111, 112, 113, 122 in 5pti) with measurable occupancy times (0.01 ± 1 ms for 111, 112, 113; 10 ± 200 ms for 122; Denisov et al., 1996) and small crystallographic temperature factors (10 ± 18 A Ê 2 ; Wlodawer et al., 1984) , of which three of them (111, 112, 113) form a hydrogen bonded network (Figure 8 ). The amide protons of Tyr10, Cys14 and Lys41 are the only hydrogen bond donors that co-ordinate the internal water molecules (112, 122 and 113, respectively), and we suggest that their curved temperature dependence originates from a population of alternative low free-energy states, in which hydrogen bonds are altered or disrupted following rearrangement of the internal water molecules. To the best of our knowledge, such states have not been observed previously.
Loop static disorder: Ala25
Residue Ala25 is located in an extended loop that forms the hairpin turn of the two-stranded antiparallel b-sheet. Considerable conformational heterogeneity has been previously identi®ed for this loop (Ala25, Lys26, Ala27) as evidenced by: (1) An RMS deviation of >0.5 A Ê calculated for the backbone atom positions on overlaying four crystal structures (5pti, 6pti, 7pti, 9pti). (2) Global backbone displacement of >1.2 A Ê between the 5pti crystal structure and NMR solution structure, which results from an entire polypeptide chain segment being displaced with respect to the rest of the protein molecule. (3) A survey of crystal packing contacts in BPTI (Kossiakoff et al., 1992) concluded that there are low free-energy alternative conformations for the b-hairpin loop in solution, which are preferentially selected by crystallisation factors to form stable packing surfaces in the different crystals isolated. This last conclusion is supported by the current study; in particular, the curved temperature dependence for Ala25 suggests that the hairpin turn exists under normal solution conditions in at least two well-de®ned alternative conformations, in which the environment of Ala25 NH is signi®cantly different.
C-terminal disruption: Arg53, Gly56, Gly57 and Ala58
The C-terminal three residues of BPTI have very large crystallographic temperature factors, indicative of a high degree of conformational heterogeneity in the crystal; in the 9pti structure Gly57 and Ala58 are modelled with two alternative conformations. These residues together with Arg53 in the a-helix display curved temperature dependences, which can be accounted for by structural¯uctu-ations in this region.
N-terminal helix disruption: Phe4, Cys5 and Leu6
The residues Phe4, Cys5 and Leu6, showing curved temperature dependences, comprise a short 3 10 helix at the N terminus. Being solvent-exposed, local thermally induced structural changes (such as helix unwinding) can occur without disruption to the remainder of the protein.
The alternative excited states are within 2.5 kcal mol À1 of the ground state
The free energy of the conformationally excited states relative to the ground state can be quanti®ed using the equation:
To do this, it is necessary to estimate the population of the excited states, which can be achieved by two independent methods: (1) The minor conformation of BPTI at ambient temperature resulting from disulphide bond isomerisation is populated to at least 4% (Otting et al., 1993; K 4/96) and the corresponding maximum free energy difference from the ground state is thus approximately 1.9 kcal mol À1 . (2) Alternatively, the populations and free energies of the excited states can be estimated using chemical shifts. In proteins, the typical conformation-dependent range in backbone amide 
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proton chemical shifts is around 1± 2 ppm. By extrapolating the curvatures of the temperature dependences identi®ed here, the difference from linearity in chemical shift across the temperature range studied can be estimated as 0.1 ppm, or 5 ± 10% of the full chemical shift range. This fraction therefore corresponds to the relative change in the population of the higher free energy state, which results in an estimated maximum free energy difference of 1.3 kcal mol À1 . Furthermore, since there is no evidence of slow or intermediate exchange regimes in the NMR linewidths of amide resonances displaying curvature, it can be concluded that there are no large kinetic barriers obstructing access to these excited states.
Further support for the excited states having free energies close to that of the ground state comes from the observation that a number of amide protons show marked deviations from linearity at the highest temperature measured: in BPTI for example Lys15, Arg17, Thr32, Arg42 and Ser47 are particularly striking ( Figure 5 ). Under these conditions (86 C) the protein is approximately 9 deg.C below its melting temperature, and one can estimate that the globally unfolded state is approximately 2.5 kcal mol À1 less stable than the folded state (Privalov, 1979) . Non-linearity can therefore arise from the growing population of a non-native state (in this case, the unfolded state or similar) within 2.5 kcal mol À1 of the folded state. Importantly though, this observation also implies that at lower temperatures the globally unfolded state does not contribute to the curved temperature dependences. For BPTI the free energy difference between folded and globally unfolded states at 76 C (i.e. the penultimate temperature shown in Figure 5 ) is about 4.5 kcal mol À1 (Privalov, 1979) ; the observation that curved temperature dependence is not observed at 76 C therefore implies that a state that differs in free energy from the folded state by 4.5 kcal mol À1 does not produce observable curvature of amide proton temperature dependence.
Curved temperature dependences reveal alternative states, not disordered states
The curved amide temperature dependences reported here speci®cally identify parts of the protein that can exchange between a small number of discrete alternative conformations, or between a folded state and a disordered state. In parts of the protein that have no alternative conformation within 3 kcal mol À1 of the ground state, increased random atomic motion on heating will lead to linear chemical shift temperature dependences (Baxter & Williamson, 1997; Andersen et al., 1997) , and thus curved temperature dependences are not observed for residues with ®xed conformation. The same is true for residues that are completely disordered, which exchange between a large number of states. Provided that these states are suf®ciently numerous (and in particular, that the range in chemical shift within each conformational substate is broad compared to the difference in shift between substates), then amide temperature dependences of disordered regions will also be linear. Therefore, the method described here speci®cally identi®es the presence of low freeenergy excited states, rather than local disorder per se.
For each of the amide protons showing curved temperature dependences in the three proteins studied, there is a plausible rationale for conformational heterogeneity, which in many cases is supported by previous evidence of conformational uctionality (Figure 7 ). These may be summarised as follows: Structural instability arising from deletion of part of the protein (14 examples); structural changes in loops (four examples) and in short elements or at the ends of exposed regular secondary structure (nine examples); hydrogen bonds to side-chain groups (six examples); increasing disorder at N or C termini (three examples); conformational rearrangement resulting from disulphide bond isomerisation (two examples); hydrogen bonds to buried water molecules (three examples). It is striking that there are many different types of local molecular¯uctuations giving rise to the lowenergy conformational substates and that the number of residues involved in each case is small. Since the regions displaying conformational heterogeneity are spatially remote, it is likely that the events are uncorrelated.
Relationship to amide exchange experiments
A widely used experiment for identifying``local unfolding'' or breathing motions in proteins is the measurement of amide exchange rates or protection factors (i.e. the rate of exchange in the folded state divided by the expected rate of exchange of the same proton in the unfolded state). It is straightforward to calculate that if the ground state is protected from exchange, and the excited states identi®ed here permit free exchange, then the largest protection factors attainable for states 2 kcal mol À1 above the ground state will only be 30. This should be compared to protection factors measured in amide exchange experiments, which are typically, though not necessarily, 1000 or greater. Thus, the states contributing to amide exchange (including the globally unfolded state) are in general much higher in free energy than those contributing to curved temperature dependence, and one would not expect any strong correlation between residues showing curved temperature dependence and residues with low protection factors (i.e. protection factors of <1000).
Implications for protein unfolding
Despite the comments just made, the results presented here, showing the existence of multiple independent conformations within approximately 2 kcal mol À1 of the native ground state, are remi-niscent of those obtained from experiments designed to investigate protein unfolding, using measurements of amide protection against exchange (Bai et al., 1995; Bai & Englander, 1996; Chamberlain et al., 1996; Itzhaki et al., 1997) . These latter experiments have suggested the presence of`p artially unfolded forms'' (PUFs), which are typically both higher in free energy (55 kcal mol À1 above the ground state) and larger (ca. 15 residues) than any of the excited states characterised here. (It is however worth noting that the 5 kcal mol À1 limit is not an intrinsic limit, but merely a consequence of it being easier to measure high protection factors than low protection factors.) One can hypothesise that the very localised excited states identi®ed here could aggregate to form PUFs at higher free energy. This hypothesis is testable from the measurement of small protection factors, which would give access to lower energy PUFs, and also from the measurement of amide temperature dependences in the presence of low concentrations of denaturants.
This study does not provide direct experimental evidence to support or reject the hypothesis that PUFs are on folding pathways (Clarke & Fersht, 1996; Clarke & Waltho, 1997) . However, it does demonstrate that there are several conformations close in free energy to the ground state, as implied by the energy landscape model of the folding/ unfolding process (Dill & Chan, 1997) . It also suggests that the formation of PUFs from the ground state is not strictly sequential (i.e. in a ®xed order), but that the PUFs are formed in accordance with a Boltzmann distribution; that is, unfolding to PUFs occurs by a randomly ordered loss of local structure, rather than by a strictly hierarchical process (Frauenfelder et al., 1991) . Our previous results (Hosszu et al., 1997a; Parker et al., 1998) have shown that a combination of kinetic data and amide exchange data can produce information on structures of intermediates on the folding pathway. The methods described here should help to extend this information to structures closer to the folded state.
Methods
BPTI and hen egg-white lysozyme were purchased from Sigma and were used without further puri®cation. 15 N-labelled N-PGK was expressed and puri®ed as described (Hosszu et al., 1997b) . Samples of BPTI (4.6 mM, 0.5 ml, pH 3.4 and pH 4.6), lysozyme (7.0 mM, 0.5 ml, pH 3.8 and 5.0) and N-PGK (3 mM, 0.5 ml, pH 6.6 in 50 mM potassium phosphate buffer) were prepared in 90% H 2 O/10% 2 H 2 O. Spectra were acquired on a Bruker AMX-500 spectrometer and were processed and analysed using FELIX 95.0 software (Molecular Simulations, Inc.). TOCSY spectra were acquired at ten degree intervals between 279 K and 359 K (BPTI), and between 278 K and 328 K (lysozyme) as described (Baxter & Williamson, 1997) . For N-PGK amide temperature dependence was followed by HSQC spectra between 298 and 318 K (Hosszu et al., 1997b) . Proton chemical shifts were referenced to internal trimethylsilylpropionate (TSP). Temperature regulation of the probehead was veri®ed using a standard curve provided by Bruker based on the chemical shift separation of resonances in ethylene glycol. Identi®cation of the curved amide proton temperature dependences was made by ®tting a quadratic equation to the experimental values and assessing the quadratic coef®cient (incorporating the ®tted error) as being different from zero to a 95% signi®cance level, assuming an error of 0.008 ppm in the measured chemical shift values. Plots of residual shifts after ®tting linear temperature dependence were made using a locally developed program (Craven et al., 1996) .
By analysing chemical shifts at several protein concentrations and temperatures, the curved chemical shift temperature dependences were shown not to arise as a result of temperature-dependent aggregation. For lysozyme, the concentration-dependent chemical shift changes (which were all <0.05 ppm) were localised at the N terminus and in the ®rst a-helix (2 ± 20), the Cterminal end of the second a-helix and in the following loop (32 ± 38), the N-terminal end of the third a-helix (90 ± 95) and in the¯exible loop (99 ± 103), and were in different regions of the protein from the residues showing curved amide proton temperature dependences. For BPTI, the concentration-dependent chemical shift changes were restricted to residues 3, 4, 7, 40 ± 43 and 52, which are located on the left-hand side of the protein in the view shown in Figure 6 . Some of these residues also display curved amide temperature dependences, but in all cases the concentration-dependent chemical shift changes are both much smaller than the deviation from linearity and are almost identical at all temperatures studied. Furthermore, pulsed-®eld gradient measurements of diffusion rates of both proteins at different temperatures and concentrations suggest that no signi®cant aggregation occurs. N-PGK is monomeric under the conditions used here (Hosszu et al., 1997b) .
